A new strain, SD12, was isolated from tannery waste polluted soil and identified as Pseudomonas aeruginosa on the basis of phenotypic traits and by comparison of 16S rRNA sequences. This bacterium exhibited broad-spectrum antagonistic activity against phytopathogenic fungi. The strain produced phosphatases, cellulases, proteases, pectinases, and HCN and also retained its ability to produce hydroxamate-type siderophore. A bioactive metabolite was isolated from P. aeruginosa SD12 and was characterized as 1-hydroxyphenazine ((1-OH-PHZ) by nuclear magnetic resonance (NMR) spectral analysis. The strain was used as a biocontrol agent against root rot and wilt disease of pyrethrum caused by Rhizoctonia solani. The stain is also reported to increase the growth and biomass of Plantago ovata. The purified compound, 1-hydroxyphenazine, also showed broad-spectrum antagonistic activity towards a range of phytopathogenic fungi, which is the first report of its kind.
The fluorescent pseudomonas includes P. aeruginosa, P. aureofaciens, P. fluorescens, P. putida, P. pyrrocinia, and P. syringae, which produce fluorescent pyoverdine siderophore(s) [8] . These are easily distinguishable from other bacteria owing to their ability to produce water-soluble, yellow green pigments [38] . The plant growth-promoting ability of the fluorescent pseudomonas is mainly because of the production of indole-3-acetic acid, siderophores, and antibiotics [pyrrolnitrin, 2,4-diacetylphloroglucinol (2,4-DAPG), pyoleuteorin, and phenazine], which have broadspectrum antimicrobial activities [18, 25, 32] . Genes encoding the production of these antibiotics in a fluorescent pseudomonas have been identified, cloned, and characterized [26] .
Pseudomonas aeruginosa is one of the most common soil inhabitants and it plays an important role in plant growth and suppression of soilborne plant pathogens. It survives in soil, colonizes on root surfaces, and serves as a biological control agent. P. aeruginosa produces the bluegreen pigment pyocyanin (5-N-methyl-1-hydroxyphenazine) and several others phenazines including aeruginosines A and B, phenazine-1-carboxylic acid (PCA), 1-hydroxyphenazine, and phenazine-1-carboxamide (PCN) [19] . The phenazines produced by P. fluorescens, P. chlororaphis, and P. aeruginosa inhibit fungal phytopathogens including Gaeumannomyces graminis var. tritici, Fusarium oxysporum, Pythium spp., Rhizoctonia solani, Gibberella avenacea, Alternaria spp., and Drechslera graminea [11, 15] . Most phenazines produced by Pseudomonas spp. are simple carboxy and hydroxyl substituted derivatives, and consequently their antibiotic activity differs according to the nature and positions of substitutents on the heterocyclic ring. The metabolites, 2-hydroxyphenazine-1-carboxylic acid, 1-hydroxyphenazine, and phenazine-1-hydroxamide (PCN) from P. aeruginosa have the greatest antifungal activity in vitro. Phenazines increased survival in soil environments and were essential for the biological control activity of certain Pseudomonas strains [28] . P. aeruginosa produced siderophores on chrome-azurol sulfonate (CAS) agar and also hydrocyanic acid (HCN) and indole acetic acid (IAA).
In this paper, we report the isolation of a new strain of Pseudomonas from the tannery waste polluted soil, which was identified as P. aeruginosa strain SD12 on the basis of phenotypic characters and 16S rRNA sequence analysis. We also describe production of a siderophore, extracellular hydrolytic enzymes, phosphatase, and a metabolite by this strain. The biocontrol and growth promotion activity of this strain were also demonstrated. Characterization of the antifungal compound from this strain and its in vitro application against a wide range of plant pathogenic fungi are also reported in this paper.
MATERIALS AND METHODS

Isolation and Screening of Fluorescent Pseudomonas
Soil samples were collected from the tannery waste polluted area of Jajmau, Kanpur in Uttar Pradesh, India during October 2009 and were dried at ambient temperature. Isolations were carried out on Pseudomonas Isolation Agar (PIA) following the serial dilution technique of Hammond and Lambert [17] . Colonies were further purified by streaking onto King's B agar medium [23] and screened for fluorescence under UV light (366 nm).
Phenotypic Characterization of P. aeruginosa SD12 Bacterial isolates were characterized for phenotypic and biochemical traits according to Bergey's Manual of Determinative Bacteriology [7] . Catalase, levan formation, nitrate reduction, starch, casein, gelatin liquefaction, glycine, arginine dihydrolase, phenyl acetate, and growth at pH 5-7 and 4-42 o C were recorded following the methods described by Bossis et al. [8] .
Carbon utilization profiles were tested using a Hicarbohydrate kit as described by the manufacturer (Himedia Laboratories, Mumbai, India). The data derived from the carbon source utilization profile were later confirmed by the Institute of Microbial Technology (IMTECH), Chandigarh, India.
16S rRNA Gene Amplification, Sequencing, and Phylogenetic Analysis Total genomic DNA was extracted by the method described by Naik et al. [29] . The 16S rRNA sequence was selectively amplified by PCR using universal primers fD1 (5'-GAGTTTGATCCTGGCTCA-3') and rP2 (5'-CGGCTACCTTGTTACGACTT-3') [36] . Amplification was carried out in an automated thermocycler (Eppendorf) according to the following amplification profile: initial incubation (94 Aliquots of 8 µl of amplified product were electrophoresed on a 1.2% agarose gel in 1× Tae buffer at 50 V for 60 min, stained with ethidium bromide, and the PCR product was visualized on a UV transilluminator. The amplicon generated by PCR was cloned into pCR-TOPO TA cloning vector V2.0 (Invitrogen, USA) and transformed into DH5α chemically competent E. coli cells. The recombinants were selected by blue/white screening, and recombinant plasmid DNA was isolated for further restriction analysis and sequencing of the insert on a 3130XL Genetic analyzer (Applied Biosystems, USA) using a Big Dye terminator v. 3.1 cycle sequencing kit (Applied Biosystems, USA). The raw sequence obtained was subjected to VecScreen (http://www.ncbi.nlm.nih.gov) to remove the vector contaminants. The edited and usable sequences were analyzed using the BLAST [3] .
Phylogenetic Analysis
Closely related homologs were identified through phylogenetic analysis [37] by comparing partial 16S rRNA gene sequences of P. aeruginosa SD12 with the nonredundant database of nucleotide sequences deposited at NCBI Web server (http://www.ncbi.nlm.nih.gov), through the Basic Local Alignment Tool (BLAST) program (http:// www/ncb.nlm.nih.gov/blast).
Antagonistic Activity
Pseudomonas aeruginosa SD12 was tested for in vitro antagonism against the plant pathogens listed in Table 1 . The screening was performed on potato-dextrose-agar (PDA) medium in triplicates. An agar plug (3 mm diameter) taken from an actively growing fungal culture was placed at one side on the surface of the PDA plate. After 48 h, the antagonist was streaked perpendicular to the agar plug on the opposite side towards the edge of the plates. Plates inoculated with fungal agar plugs alone were used as control. The plates were incubated at 28 ± 2 o C until fungal mycelia completely covered the agar surface in the control plate. The growth inhibition of different plant pathogens by SD12 strain was measured after 6 days of inoculation.
Test for Hydrolytic Enzymes, Phosphatase, and HCN Production Production of proteases was estimated following the method of Smibert and Krieg [35] , and cellulases and pectinases were examined by the method of Cattelan et al. [10] . The phosphatase and HCN productions were determined following the methods as described by Pikovskaya [31] and Kumar et al. [24] , respectively. Siderophore Production Production of siderophore was determined using the Chrome azurol S (CAS) agar method [34] . Briefly, P. aeruginosa SD12 inoculum was dropped onto the centre of a CAS plate. After incubation for 24-48 h at 28 o C, siderophore production was assessed by formation of a distinct orange zone in the CAS plate. The type of siderophore was determined by using specific assay, namely, Arnow's method for catecholate [5] and Csaky test for hydroxamate type [13] .
Influence of P. aeruginosa SD12 on Biomass Yield and N, P, and K Uptake in Isabgol A pot experiment was conducted to study the influence of P. aeruginosa isolates of different origin on spikes per plant, dry matter yield, and N, P, and K uptake in isabgol (Planatgo ovata). Five kg of soil from the research farm of CIMAP, Lucknow after sieving (< 2 mm) was filled in earthen pots of 6 L capacity. Soil was inoculated individually with 100 g/pot inoculum (1 × 10 -5 CFU/ml) of four strains of P. aeruginosa as follows: P. aeruginosa SD12 collected from tannery waste mediated (Cr and other heavy metal contaminated) soil, and SD3, SD4, and SD6 collected from normal soil of CIMAP research farm at Lucknow. Non-inoculated soil served as the control. Seeds of isabgol were sown in the 2 nd week of December and the crop was harvested at maturity in the 4 th week of March. Data on yield parameters like spikes/plant, and shoot and root dry weight were recorded. Plant samples were analyzed for N, P, and K content [21] . Total N, P, and K accumulation was estimated by their concentration (%) and dry weight. Data were subjected to analysis of variance (ANOVA) and least significant differences (LSD) were calculated using the F-method [36] .
Effect of P. aeruginosa SD12 on Root Rot and Wilt Disease of Pyrethrum Healthy plants of pyrethrum, which is highly susceptible to R. solani AG4 (2), were inoculated with 10 ml of bacterial spore suspension of P. aeruginosa SD12 (1 × 10 -7 CFU/ml) 3-day-prior, simultaneously, and 3-day-post of the pathogen R. solani by following the method described by Alam et al. [2] . Plants inoculated alone with P. aeruginosa SD12 and R. solani served as control. Plants were kept in the greenhouse at 25 o C and 80-90% relative humidity. The experiment was repeated twice with three replications each time. The disease reaction was assigned a rating on an arbitrary scale on 0-3 (0, healthy plants with healthy roots; 1, healthy plants with small necrotic lesions on the roots; 2, infected plants showing wilting with large necrotic lesions on the roots; 3, infected plants dying with dark brown roots).
Production and Extraction of Antifungal Metabolite from P. aeruginosa SD12 Nutrient broth was used for the production of the antifungal metabolite by P. aeruginosa SD12. Batch fermentation was performed in 500 ml Erlenmeyer flasks containing 100 ml of the growth medium, which was inoculated by 1 ml of bacterial suspension (48 h) at pH 7 at 28 o C and incubated for 3 days for total metabolite production. The culture was centrifuged at 8,000 rpm for 10 min at 6 o C twice in order to remove the bacterial cells. The supernatant was extracted with dichloromethane three times. Dichloromethane extract was evaporated to dryness under vacuum at 50 o C. The crude extract was tested for antagonistic activity against Curvulaia andropogonis causing leaf blight disease of Java citronella (Cymbopogon winterianus).
Isolation of Antifungal Metabolite
A vacuum liquid chromatography (VLC, 5× 20 cm) column was packed with TLC grade Al 2 O 3 (150 g) without binder. Excellent separation was achieved owing to the fine particle size (average size 10 µm) of the Al 2 O 3 . The column was tightly packed using vacuum followed by elution of the column with a nonpolar solvent (hexane) to make sure that the column was well packed. Before loading the extract, the glass column was completely dried and then 6 g of crude extract was dissolved in 10 ml of CHCl 3 and applied uniformly onto the top of the column without using vacuum to form a uniform band. This was followed by complete drying of the glass column under vacuum. Gradient elution of the column was carried out with mixtures of hexane, CHCl 3 , and MeOH in increasing order of polarity. Fractions of 100 ml each were collected. A total of 61 fractions were collected and pooled on the basis of their TLC profile into 12 fractions. These pooled fractions were evaluated for their antifungal potential by bioautography test. Out of the 12 pooled fractions, fraction 3 showed high antifungal activity but was slightly impure, hence it was further purified by preparative thin layer chromatography (PTLC) on precoated Silica Gel 60 254 plates (20 × 20 cm, Merck). The PTLC plates were developed in CHCl 3 :MeOH at 99.5:0.5, and after air drying visualized under UV light (254 nm) followed by selective spraying of the reference spot with Erlich reagent. The desired band was scratched out of the PTLC plate and the metabolite was extracted with CHCl 3 :MeOH: (95:5; 3×5 ml). Removal of the solvent under vacuum afforded the antifungal metabolite PA-1 (69 mg).
Structure Elucidation of Antifungal Metabolite
The structure of antifungal metabolite was established by nuclear magnetic resonance (NMR). The 
RESULTS
Isolation and Screening of Fluorescent Pseudomonas
Thirty-five fluorescent Pseudomonas isolates were obtained on PIA from the tannery waste polluted soil samples, of which a unique fluorescent Pseudomonas strain designated as SD12 was predominantly produced. The strain was further purified and maintained on Luria-Bertani (LB) slants at -20 o C for subsequent studies. The strain was also deposited at Microbial Type Culture Collection (MTCC), IMTECH, Chandigarh, India (http://www.mtcc.imtech.res.in) with accession number MTCC 106439.
Identification of Bacterial Strain
The predominant fluorescent Pseudomonas obtained from the tannery waste polluted soil samples was identified as Pseudomonas aeruginosa strain SD12, which was aerobic, motile, non-spore-forming, and Gram-negative. The strain produced a diffusible, fluorescent light green pigment on KB. The strain grew at 25- growth was optimum at pH 5.5-10 but inhibited at < pH 5.5. The strain tolerated well up to 7% NaCl in the basal medium. It utilized citrate and produced catalase and cytochrome oxidase. Nitrate reduction, urease, indole, levan, gelatin liquification, and hydrogen sulfide were not produced. Methyl red and Voges-Proskauer reactions were negative. The strain did not utilize paraffins. However, it utilized an array of carbon sources like L-arabinose, galactose, glucose, fructose, xylose, phenyl acetate, and glycine but not mannitol, raffinose, salicin, sucrose, rhamanose, mesoinositol, and lactose.
16S rRNA Gene Amplification Sequencing and Phylogenetic Tree Analysis
The 16S rRNA sequence (600 bp) was deposited in GenBank with accession number HQ260855. Comparison of the sequence by BLASTn (http://www.ncbi.nlm.nih.gov/blast) with 16S rRNA sequences in the database exhibited 100% homology with P. aeruginosa (EU849119). A phylogenetic tree is presented (Fig. 1) .
Antagonistic Activity
The strain SD12 showed strong antagonistic activity against a wide range of plant pathogenic fungi that cause diseases on different medicinal and aromatic plants (Table 1) . It produced highest antifungal activity against Alternaria alternata, A. solani, and Rhizoctonia solani ( Fig. 2A) , which are cosmopolitan in distribution and causal organisms for diseases on various crops (Table 1) . It also inhibited other test fungal pathogens, namely, Colletotrichum acutatum, Curvularia andropogonis, Fusarium oxysporum, F. moniliforme, Fig. 1 . Phylogenetic tree analysis of P. aeruginosa SD12 using 16S rRNA partial sequences.
The phylogenetic tree was developed with the CLUSTAL W program and accession numbers are indicated in parentheses. and Pythium aphanidermatum, but its antagonistic activity was comparatively less.
Hydrolytic Enzymes, Phosphatase, and HCN The strain produced hydrolytic enzymes (proteases, pectinases, and cellulases) (Fig. 2C, 2D , and 2E), phosphatase (Fig. 2B), and HCN (Fig. 2F) . It hydrolyzed various substrates and produced clear zones.
Siderophore Production and Characterization
In CAS assay, P. aeruginosa SD12 produced a large orange zone into the medium after 24 h (Fig. 3) , indicating production of a siderophore. The cell-free culture filtrate of the SD12 strain used for Csaky test [13] developed a pink color, indicating the presence of a hydroxamate siderophore. The absence of a catechol-type siderophore was confirmed by Arnow assay [5] where red-orange color was not developed.
Influence of P. aeruginosa SD12 on Biomass, N, P, and K Contents of Isabgol Results presented in Table 2 exhibit a significant difference among different strains of P. aeruginosa with respect to growth parameters of isobgol (spikes/plant, dry wt. of shoot and root) as well as N, P, and K accumulation in the shoot. Significantly higher numbers of spikes and dry weight were recorded with P. aeruginosa SD12, followed by P. aeruginosa SD-3, collected from the CIMAP farm. The other two isolates (P. aeruginosa SD6, P. aeruginosa SD4) were less effective with respect to enhancing dry matter yield and N, P, and K accumulation. The dry weight of shoots under SD12 treatment was about 3.78 times higher than the control (no inoculation). The corresponding increases under P. aeruginosa SD6, P. aeruginosa SD4, and P. aeruginosa SD3 were 81%, 90%, and 3.36 times as compared with the control. Almost similar trend was observed with respect to accumulation of N, P, and K in the shoot.
Influence of P. aeruginosa SD12 on Root Rot and Wilt Disease of Pyrethrum
The results presented in Table 3 indicate that sole treatment of P. aeruginosa SD12 significantly produced healthy plants whereas R. solani caused 93.3% disease incidence with an average score of 2.7 disease severity. Although each of the treatments of strain SD12 produced significant results, simultaneous treatment of strain SD12 with R. solani was highly effective by producing 46.7% infected plants with 1.1 disease severity (Table 3 ). The treatments 3-day-prior and 3-day-post produced 76.7% and 63.3% infected plants with 1.8 and 1.6 disease severity, respectively. The control, with R. solani AG4 inoculated plants, produced root rot and wilt symptoms with dark brown roots. Fig. 3 . Development of orange zone in CAS agar plate due to production of siderophore by P. aeruginosa SD12. Table 2 . Increase in biomass yield and N, P, and K uptake in isabgol (Plantgo ovata) by Pseudomonas aeruginosa SD12.
Treatments
Spikes/plant Shoot dry wt in wt.
(g/pot)
Root dry wt in wt.
Total nutrient uptake (mg/pot) N P K P. aeruginosa SD-3 P. aeruginosa SD-4 P. aeruginosa SD-6 P. aeruginosa SD- All data are average of 5 replications. Isolation of Antifungal Metabolite Produced by P. aeruginosa SD12 The crude extract (6 g) obtained from strain SD12 was greenish in color, which on purification by vacuum liquid chromatography (VLC) yielded 69 mg of purified yellowish metabolite exhibiting broad-spectrum antifungal activity.
The purity of the isolated metabolite was checked by visualizing the Erlich reagent sprayed and activated TLC plate under UV light at 254 and 365 nm. The single inhibition zone on TLC revealed that the isolated metabolite was pure with Rf 0.82. Finally, the purity of the isolated metabolite was confirmed by its 1 H and 13 C NMR spectra. The metabolite was viscous yellow, freely soluble in chloroform, methanol, and diethyl ether, and miscible in water.
Structure Elucidation of Antifungal Metabolite
The chemical structure of antifungal metabolite was characterized spectroscopically. The molecular formula was determined by EI-MS and the basic structure was elucidated by detailed 1 H and
13
C NMR spectra, as well as HSQC and HMBC NMR spectra.
The EI-MS attributed a molecular ion peak at m/z = 196. In the 1 H NMR spectrum (Fig. 4A) , a complex resonance in the δ 6.72 to 7.75 region indicated the presence of 7 aromatic protons, and this was further supported by its and 134.7 ppm were assigned to C-1, C-4a, C-5a, C-9a, and C-10a, respectively. Further
H-connectivity was studied by COSY (Fig. 4D) . The up field shift of C-2 (108.9 ppm) in HSQC (Fig. 4E) indicated the presence of a hydroxyl group at C-1, which was confirmed by HMBC ( Fig. 4F ) and their correlations (Table 4 and Fig. 4G ). Finally, the structure of the metabolite was confirmed as 1-hydroxyphenazine (Fig. 4H) after the detailed analysis of splitting pattern and comparison with published data [1] .
Antimicrobial Activity of Isolated Metabolite (1-Hydroxyphenazine) The metabolite 1-hyroxyphenazine obtained from P. aeruginosa SD12 has shown antifungal activity against various plant pathogens ( Table 1 ). The metabolite was found to be highly effective against R. solani, a soilborne pathogen, as shown in Fig. 5 .
DISCUSSION
P. aeruginosa SD12, obtained from the tannery waste polluted area of Jajmau, Kanpur (India), possesses antimicrobial activity and other traits responsible for plant growth promotion, as reported in the literature [6, 14] . Siderophores help a particular microorganism to compete against fungal pathogens for available iron and the role of siderophores in control of disease has been well documented [1] . Furthermore, solubilization of tricalcium phosphate (Ca 3 PO 4 ) by the formation of a visible dissolution halo on Pikovskaya's agar and release of phosphorus into the culture medium are the indication to increase yield of the crop by converting the nonavailable form of phosphorus (P) to an available form. The growth promoter effect in plants gives extra value to the isolate, since it may not only be increasing the bioavailability of one of the most important plant nutrient like P, but also would release substances that have antibiotic activity and enhanced iron nutrition for the plant. It is evident from the results of plant growth promotion under laboratory and greenhouse conditions that plants treated with P. aeruginosa SD12 accumulate more N, P, and K in the shoots than other treatments when compared with uninoculated control. The availability of phosphate helps in increasing the biomass of plants, as reported by Patten and Glick, [30] . Strain SD12 also exhibited the production of cellulases, pectinases, and proteases. It is reported that phosphate-solubilizing bacteria with cellulolytic activity enhanced the mineralization and decomposition of crop residues [16] . The biocontrol of tomato root rot caused by Fusarium oxysporum f. sp. radicis-lycopersici by phenazine-1-carboxamide-producing Pseudomonas chlororaphis PCL1391 has been reported [11] . The strain SD12 and its metabolite,1-hydroxyphenazine (1-OH-PHZ), exhibited broad-spectrum antifungal activity against the plant pathogens Alternaria alternata, A. solani, Bipolaris australiensis, Colletotrichum acutatum, Curvularia andropogonis, Fusarium oxysporum, F. moniliforme, Pythium aphanidermatum, and Rhizoctonia solani in vitro (Table 1) . We may conclude that the strain is responsible for inhibiting various plant pathogens, which is due to production of 1-hydroxyphenazine (1-OH-PHZ). The pure yellowish brown metabolite isolated from P. aeruginosa strain SD12 is soluble in chloroform and methanol. It has shown antifungal activity against Curvularia andropogonis, Bipolaris austrialensis, Alternaria alternata, A. solani, Colletotrichum acutatum, and Fusarium oxysporum, which have not been reported so far. Therefore, we may conclude that the antifungal activity against various important plant pathogens by 1-hydroxyphenazine is the first report of its kind. The spectral data of the 1-OH-PHZ from P. aeruginosa SD12 were identical to those earlier reported by Abken et al. [1] and Saosoong et al. [33] . This metabolite was earlier isolated from P. aeruginosa [22] and P. aeruginosa TISTR 781 by Saosoong et al. [33] , but production of siderophores and phosphatase by the strain P. aeruginosa SD12 that attributed to plant growth promotion is also the first report.
Several strains of P. aeruginosa from clinical and agriculture soil samples have been identified [9, 20, 26] . P. aeruginosa strains of clinical origin have been differentiated from environmental strains as a result of their ability to use paraffins as the sole carbon source [27] . In recent years, P. aeruginosa 7NSK2 from barley rhizosphere and P. aeruginosa PNA1 from chickpea rhizosphere have been used as effective biocontrol agents [4, 20] .
We conclude that P. aeruginosa SD12 is a new strain from tannery waste polluted soil with production of 1-OH-PHZ, cellulase, protease, HCN, and other plant growthpromoting traits, such as siderophores and phosphatase, which enhance the potential use of this strain as an effective bioinoculant for soil fertility, plant protection, and promoting plant growth with reduced disease incidence.
